Abstract: Genes, the environment and stochastic factors such as lifestyle are major contributors to the universally shared phenomenon of ageing. It is now clear that these different inputs act through evolutionarily conserved pathways to regulate lifespan in a wide range of animals. Among several such pathways, the IIS [Insulin/IGF (Insulin -like growth factor)-like signalling] pathway, initially identified in the roundworm, Caenorhabditis elegans, is the most significant modulator of ageing. Consisting of a PI 3 kinase-signalling cascade downstream of a transmembrane insulin-like growth factor receptor, this pathway ultimately regulates the activity of a transcription factor with a huge repertoire of transcriptional outputs. The effect of this is that the IIS pathway co-ordinately controls several processes, including immunity and stress resistance, which in tandem seem to regulate longevity. Since both the function and molecular architecture of the IIS pathway is conserved from yeast to mammals, this coordinate regulation appears to be a general feature of the ageing processes in animals. Here we review the evolutionary conservation of the IIS pathway and discuss this in relation to recent findings on the molecular basis of ageing. We also reflect on the impact and significance of the evolutionary diversification of this pathway and propose a model for how such differences could explain both inter and intra-species differences in ageing.
INTRODUCTION

Ageing
Ageing is a feature common to nearly all organisms that make up the tree of life. Although universal, ageing progresses at variable rates, resulting in the diverse lifespans we observe across different organisms in nature. The same process that determines the three day lifespan in gastrotrichs also keeps the Quahog (Mercenaria mercenaria, the marine clam) going for over 200 years [1] . These determined lifespans are a result of constant evolutionary chiseling and optimisation in response to natural selection.
The lifespan of any organism typically consists of maturation and reproduction followed by gradual and steady deterioration in fitness of the physical self along with the onset of various conditions and age related pathologies or diseases such as cancer, diabetes, stroke, cardiovascular disease and so forth. These deleterious factors accumulate, eventually resulting in the inability to maintain homeostasis and thus death.
This phenomenon of ageing was long considered as an inevitable process and was looked upon as a programmed entity over which there was absolutely no control. However, within the last three decades the study of ageing, termed "gerontology" by the Nobel prize-winning Russian scientist Ilya Metchnikoff in his 1908 book "The prolongation of life" [2] , has come of age. Put briefly, gerontology dismisses the concept that ageing is a stochastic process but rather aims to understand the mechanics of ageing by approaching it as an 
Theories of Ageing
Widespread degenerative changes with increased incidence of various age related pathologies are characteristic features of growing old. Given the increase in average lifespan in today's modern world [3] with better healthcare and an overall safer environment, the need to confront age related disorders is more imminent than ever before. An insight into the mechanisms driving ageing would then make it possible to come up with new and novel ways to tackle these problems [4] . Genetic studies in this area have already revealed molecular mechanisms that govern ageing and are evolutionarily conserved across taxa (Fig. 1) . The past twenty years have seen the identification of over 500 genes involved with ageing and/or longevity [5] , and by genetically intervening in such pathways, it has been possible to dramatically increase the lifespan of model organisms like worms and flies [6, 7] .
Although genetic modification of ageing is a recent phenomenon, the quest to investigate, understand and find treatments to prolong life has a very long, if not always illustrious, history (Fig. 2) . The late 18 th century saw the postulation of one of first theories of ageing that kick-started the school of thought aimed at understanding this complicated process. August Weismann in 1882 postulated the "Wear and Tear Theory" where he approached the problem by suggesting that aging is mechanistic [8] . Over time there is gradual wear and tear of the body and cells due to overuse and abuse, which eventually leads to death. He suggested that ageing was a part of life's program and was included so that the old can make way for the next generation, reducing competition for the same resources.
In the 1950s, the Nobel prizewinner Peter Medawar theorised that ageing occurs due to the accumulation of mutations [9] . Terming it the "Accumulated Mutation Theory", he suggested that genes beneficial in early life are favored by natural selection over genes beneficial late in life since all organisms eventually die of diseases, predation, accidents etc. Hence deleterious mutations after the end of the reproductive period accumulate, leading to ageing and eventually death. This idea was developed into the so-called "Antagonistic Pleiotropy Theory" formulated in 1957 by the evolutionary biologist George Williams [10] . He suggested that evolution favors mutations that enhance fitness in younger fertile organisms, even if it comes at a cost of reduced fitness later on in life.
The latter half of the twentieth century saw the emergence of several cellular theories of ageing, amongst which the " Free Radical Hypothesis", proposed by Denham Harman in 1956, was highly influential [11] . According to Harman, ageing occurred due to an accumulation of damage at the cellular level induced by reactive oxygen species (ROS) that are produced as by products of aerobic reactions. Therefore in order to retard the process of ageing, you need to minimise the damage caused by ROS. More recently, this theory has developed into the "Oxidative damage theory", since it is now known that certain reactive oxygen species that do not belong to the class of free radicals can also cause damage at the molecular level [12] . Interestingly, the Free Radical Hypothesis provides a mechanistic explanation for a much earlier theory of ageing, the so-called "Rate of Living Hypothesis" proposed by Raymond Pearl in 1928. Pearl suggested that lifespan is inversely proportional to metabolic activity [13] , such that slowing down metabolism (whose by product is ROS) results in an increase in lifespan. Within this context, the shorter lifespan seen in ectotherms such as the nematode Caenorhabditis elegans when raised at higher temperature and the extended lifespan shown by most animals when provided with a minimal calorie diet both provide strong evidence for a link between metabolic turnover and ageing [14] . However, several recent studies pertaining to this are suggesting otherwise. One such study looking at the effects of the deletion of sod genes (genes that constitute a family of antioxidant enzymes that detoxify superoxides, thus working against the negative effects of ROS) on lifespan of C. elegans documented an increase in lifespan contrary to what was observed in other model organisms such as yeast, flies and mice [15] [16] [17] [18] [19] [20] . Although an increased susceptibility to oxidative stress was seen in these sod mutants, mutants for single or multiple sod genes were shown to have a longer lifespan or a lifespan at least similar to that of wildtype worms. This increased lifespan in sod mutants has been suggested to result from an interaction with genes that affect mitochondrial function. Nevertheless, the increased oxidative stress resulting from sod mutations does not decrease lifespan in C. elegans and numerous studies using Fig. (1) . Phylogenetic tree constructed using the fast minimal evolution tree method employing a multiple sequence alignment tool, CO-BALT, that finds a collection of pairwise constraints derived from conserved domain database, protein motif database, and sequence similarity, using RPS-BLAST, BLASTP, and PHI-BLAST. The tree exemplifies the evolutionary relationship between the longest FOXO/DAF-16 transcripts between various species. nematode worms have questioned the effect of ROS on lifespan (reviewed in [21] ).
The effects of ROS have also been implicated in another avenue of longevity research, that looking at the role of telomeres in ageing. The telomere region present at the ends of chromosomes consist of non-coding, repetitive DNA-protein complex, which plays a key role in cell growth and maintaining proper segregation of chromosomes to daughter cells. Cellular senescence has been associated to a progressive reduction of these telomeric regions at every cell division [22] . The role of these structures in ageing was first noted by Leonard Hayflick in 1975 when he discovered that cultured normal human cells had a limited capacity to divide, after which they become senescent, a phenomenon referred to as the 'Hayflick limit' [23] . Oxidative stress has been shown to accelerate the shortening of telomeres significantly by inducing accumulation of single-strand breaks. This build-up was shown to result in the loss of distal fragments of telomeres during replication [24] . However, recent in-vivo studies have argued against this based on their inability to exacerbate aging phenotypes (by screening for oxidative nuclear DNA damage, an accumulation of nuclear DNA breaks, or an increased rate of telomere shortening) in telomere dysfunctional mice that have a heterozygous deletion of the superoxide dismutase gene (hence increased oxidative stress) [25] . Nevertheless the "Telomere shortening theory" has been supported by findings such as the extension of replicative senescence among normal human cells (retinal pigment epithelial cells and foreskin fibroblasts) upon over expression of telomerase [26] . Other studies using C. elegans have demonstrated that producing longer telomeres by overexpressing HRP-1, a telomere-binding protein, result in increased lifespan in a daf-16 dependant fashion [27] .
Caenorhabditis Elegans as a Model System to Study Ageing and Immunity
The free-living bacteriovorous nematode Caenorhabditis elegans has emerged recently as a powerful model to study complex processes such as ageing and immunity. Ever since it was introduced by Sydney Brenner, this simple multicellular eukaryote has been studied intensively with exhaustive genotypic and phenotypic information now available. Features such as a short lifespan ( 3 weeks), ease of maintenance, a small genome (one half that of Drosophila melanogaster), transparency, small size (1mm), rapid generation time (egg to egg in 3 days) and the fact that it is a simple and genetically tractable model have made this nematode species an ideal model to study longevity and the process of ageing [28] [29] [30] .
The Caenorhabditis clade consists of both hermaphroditic and gonochoristic (male/female) species. Hermaphroditism is considered to have evolved from male/female species, with a recent study showing that it is possible to produce a self-fertile XX hermaphroditic animal from a gonochoristic animal by lowering the expression of tra-2 and swm-1 (genes involved in sex determination and sperm activation in C. elegans) [31] . Self-fertilising hermaphrodites (XX) can give rise to spontaneous males (XO) due to meiotic non-disjunction at a very low frequency. Males can be crossed with hermaphrodites to produce a 50% male population in the consequent generation. This unique attribute of this species offers conveniences previously only enjoyed in plant genetic systems [32, 33, 34] .
In addition, the evolutionarily ancient origin of nematodes means that they share many essential biological features present in higher vertebrates and hence provide a powerful model with which to investigate the complexity of biological processes such as ageing and immunity in higher animals.
A major advance in the study of ageing was the identification of the first age-altering gene by Klass and Johnson working in the C. elegans system in the 1980s. Mutations in this gene, called age-1 in C. elegans, increased lifespan by approximately 50% [35, 36] . This discovery transformed the field, since it suggested that ageing is not a haphazard process but rather a process that is regulated at a cellular level. Since then, numerous genes and pathways/mechanism associated with ageing and stress resistance have been identified. Age-1 was shown to be a part of the IIS [Insulin/IGF (Insulin -like growth factor)-like signalling] pathway with other genes in the pathway such as pdk-1, akt-1, sgk-1 and daf-16 shown to have similar phenotypic effects [6, [37] [38] [39] . The discovery of the tremendous impact of the components of the IIS pathway on ageing immediately stimulated this area of research, leading to the identification of numerous other molecules that influence IIS and thus ageing.
One such molecule was Sirtuin, a member of the silent information regulator 2 (Sir2) family of NAD+ dependent Class III histone/protein deacetylases (HDACs) [40] . Initially shown to mediate gene silencing in S. cerevisiae, this family includes five homologues in yeast (Hst1-4 and Sir2), one each in C. elegans (Sir2.1) and D. melanogaster (dSir2) and seven mammalian counterparts (Sirt 1-7) [41, 42] . Increased dosage of the Sir-2.1 gene in C elegans has been confirmed to be sufficient to increase lifespan [40] . Intriguingly, longevity requires daf-16 and recent data suggest that Sir-2.1 works in tandem with 14-3-3 proteins (highly conserved small and acidic cytoplasmic proteins functioning as hetero or homo-dimers) to modulate DAF-16 activity [43] .
Sir-2.1 catalyses a deacetylation reaction, resulting in the cleavage of NAD+ into nicotinamide (NAM) and 1-Oacetyl-ADP-ribose [44] . This relationship between Sir-2.1 and NAD, which functions as a co-factor in various metabolic reactions, has led to the proposal that Sir2.1 acts as a metabolic sensor, reporting upon the nutritive state of the organism [44, 45] . Altering metabolic state via caloric restriction (CR) increases lifespan and increases sirtuin mRNA levels in Drosophila [46] , providing a potential molecular explanation for the role of CR in ageing, which dates back to experiments conducted in the 1930's, when Clive McCay and Mary Crowell of Cornell University [47] delayed the onset of senescence in rats by reducing the diet by about 40%. In C. elegans and Drosophila, lifespan extension induced by CR has been shown to be dependent on Sir-2.1 [48] since neither CR nor resveratrol (Sir-2.1 activator) are capable of extending the lifespan among Sir-2.1 mutant fruit flies and worms [49, 50] . The fact that CR increases lifespan in a variety of organisms including yeast, flies, worms, spiders, fish, rotifers, mice, rats and macaque monkeys suggests that similar pathways are likely to occur in all animals [51] [52] [53] . In addition, the recent finding that dietary glucose also can affect lifespan in C. elegans via modulation of the daf-16 pathway [54] suggests that organisms may have multiple mechanisms for coupling nutritional status to ageing and immunity.
Caloric restriction in worms and flies has also been demonstrated to down regulate pathways involved in growth and metabolic processing such as the Target of Rapamycin pathway (TOR), which are in turn capable of influencing an increase in autophagy, resulting in extended lifespans [55, 56] . Autophagy, which is considered to be a host defense mechanism triggered by adverse conditions, has also been shown to be negatively regulated by daf-2, with increased autophagy seen in daf-2 mutants being coupled with lifespan extension [57] . Further insights into this have recently suggested the autophagy genes to be working in concert with the IIS pathway and daf-16, conferring immunity. Worms with the atg (autophagy) genes bec-1 and lgg-1 knocked down were more susceptible to the human pathogen Salmonella typhimurium and this characteristic was shown to be working through the IIS pathway using mutants [58] . Similar observations have also been documented in Drosophila and mammals [59] [60] [61] . Interestingly, a very recent study has revealed that Sir-2.1 mediates the effect of CR on autophagy [62] . This study showed that autophagy under CR was completely abolished in a Sir-2.1 mutant background (but not the autophagic response to rapamycin or tunicamycin).
The significant role of the IIS pathway and daf-16 in regulating innate immunity also makes this a target to invading pathogens that have evolved mechanisms to combat host defenses. C. elegans has been intensively used as a model system to study such interactions [63, 64] and recent data indicate that some pathogens, such as the Gram-negative bacterium Pseudomonas aeruginosa, may be able to colonise and infect C. elegans by activating the IIS pathway, thus inhibiting DAF-16 activity by cytoplasmic sequestration [64] .
Thus far several other signalling cascades have been shown to contribute towards immunity and stress resistance among nematodes, including the p38 MAP kinase [65, 66] , ERK MAP kinase [67] , JNK-like MAP kinase [68] , TGF-(DBL-1) [69] , programmed cell death (PCD) [70] , Toll-like receptor [71] and Wnt/Hox signalling pathways [72, 73] . There is substantial evidence that most of these pathways work in concert with the IIS pathway. For instance, upon oxidative stress the defense response mediated by translocation of DAF-16 into the nucleus was blocked in a p38-related sek-1 (MAPKK) mutant and DAF-16 instead remained cytoplasmic [74] . Similarly, genetic analysis by Oh et al., discovered that the JNK pathway acted in parallel to the insulinlike signaling pathway to regulate lifespan and both pathways ultimately interacted with and phosphorylated DAF-16 [74] .
Thus, despite the presence of numerous pathways involved in immunity and stress responds, the IIS pathway seems to be the major influence on life history traits of organisms.
IIS [Insulin/IGF (Insulin -Like Growth Factor)-Like Signalling] Pathway in Ageing and Immunity
Insulin and Insulin like growth factors in mammals work through an evolutionarily conserved pathway to regulate several cellular processes that together contribute towards phenotypes such as stress resistance, immunity and ageing. Initially the impact of this pathway was identified and studied using the invertebrate model C. elegans, but such studies have diverged more recently into non-model organisms such as mosquitoes [75] . In C. elegans, during early larval stage (L1), harsh and unfavourable growth conditions (such as food deprivation and over-crowding) triggers an elevation in a set of secreted pheromones [76] , which drives the worms into an dormant stage referred to as the dauer [34] . Worms in this adaptive, alternative developmental mode are nonfeeding and highly stress resistant. Entry into this dauer stage is considered to be a survival strategy employed by the organism to outlive harsh conditions until favourable conditions return.
Studies based on observing dauer constitutive (Daf-c) and dauer defective (Daf-d) mutants eventually led to the discovery of several pathways that regulate dauer entry [77] [78] [79] [80] . The subsequent discovery of increased lifespan and stress resistance phenotypes as a result of hypomorphic mu-tations in dauer formation genes such as age-1 and daf-2 [6, 81, 82] immediately raised the question as to how their homologues in other organisms would function, given the evolutionary conservation of the IIS pathway. As a consequence of this, several targeted studies of homologous pathways and their functions in organisms ranging from yeast to invertebrates such as C. elegans, D. melanogaster and mammals such as Mus musculus have revealed a highly similar IIS pathway with overlapping functions [7, [83] [84] [85] . Intriguingly, the human orthologues of these genes were recently shown to change in expression level with age in muscle [86] and, correspondingly, additional genes implicated in human ageing via microarray analysis extend lifespan when knocked down in nematodes [86] . As a consequence, there is now tremendous interest in dissecting the role of the IIS pathway and its key component, the FOXO protein (DAF-16 homologue), in human ageing and age-related disease.
IIS Pathway in C. elegans
In C. elegans, the IIS signalling cascade consists of proteins encoded by the genes daf-2, age-1, akt-1, akt-2, daf-16 and daf-18. Upon environmental cues such as food availability, a subset of the 37 predicted insulin like genes (ins1-37) [87, 88] such as ins-7 get activated and in turn produce insulin like peptides which then bind to the single insulin/insulinlike growth factor (IGF)-1 transmembrane receptor, DAF-2. Upon stimulation, this receptor activates the phosphatidylinositol 3-kinase (PI 3-kinase) AGE 1 that consists of a p55-like regulatory subunit [89] and a p110 catalytic subunit [81] that are antagonised by DAF-18 (Human PTEN homolog). The PI-P3 signal activates the AKT/PKB kinase homologue PDK-1, which then phosphorylates AKT-1, AKT-2 and SGK-1. The AKT proteins are involved in dauer formation and also are reported to be involved in lifespan extension, while SGK-1 controls development, stress response and longevity. These kinases then phosphorylate the transcription factor DAF-16 and inactivate it by cytoplasmic localisation (Fig. 3A) [33, [88] [89] [90] [91] [92] [93] [94] . This sub-cellular localisation of DAF-16 was revealed to be regulated by the formation of a protein complex between 14-3-3 FTT-2 and DAF-16, a mechanism that appears to be conserved in mammals [95] . Mutations in daf-2 or other upstream components such as age-1 that result in a reduction in IIS signalling triggers dephosphorylation of DAF-16 and its subsequent translocation into the nucleus, where it regulates a plethora of target genes (Fig. 3B) . Expression changes in these genes result in phenotypes which include slower metabolism, increased pathogen resistance, increased dauer formation and increased longevity [88, [92] [93] [94] 96, [97] [98] [99] [100] . However it is worth noting that not all mutations that lead to dauer arrest also result in an increased lifespan [6] .
IIS Pathway in Drosophila Melanogaster and Mus Musculus
Endocrine signaling in Drosophila melanogaster and mice has also been shown to influence regulation of key processes such as ageing, immunity and stress resistance. Using Drosophila provides a useful intermediate platform for extending studies from C. elegans across to mammals, due to its closer tissue homology with mammals than C. elegans [101] . In Drosophila, the daf-2 homologue insulin receptor (dINR) is activated by the seven insulin like peptides (DILP1-7) that go onto function via the insulin receptor substrate Chico, the PI 3-kinase Dp110/p60, PKB (Akt1) and the dFOXO transcription factor regulating a repertoire of phenotypes such as growth, metabolism, size and lifespan [7,102- 105]. Null mutations of the Chico gene have been shown to increase lifespan by 48% and 13% in homozygous female and heterozygous male fruit flies respectively [7] .
The activity/regulation of dFOXO's mammalian counterparts, the FOXO family of transcription factors (FOXO1, FOXO3a, FOXO4 and FOXO6) [106] are also controlled by signalling through PI3K/Akt upon insulin growth factor and insulin stimulation [91] . This FOXO activity in mammals has, in turn, been shown to drive several key processes such as cell cycle progression, apoptosis, growth, differentiation, stress resistance, tumour suppression, reproduction and expression of several metabolic genes [83, 85, 91, [107] [108] [109] [110] [111] [112] [113] . Interestingly, FOXO also plays an essential role in inducing resistance to oxidative stress, which has been speculated to have a knock on effect of lifespan extension [114] , in line with the "Oxidative damage theory". In addition, however, high FOXO3a levels have recently been shown to play an essential role in the maintenance of Chronic Myeloid Leukaemia (CML) Leukaemia-Initiating Cells (LICs) [115] , suggesting that the IIS pathway also operates at the cellular level to extend viability. FOXO function is regulated by several post-translational modifications, of which phosphorylation, acetylation and mono/polyubiquitination have been identified [91, [116] [117] [118] . The predominant of these, phosphorylation controlled by signalling through PI3K/Akt, works at a more complex level in vertebrates than invertebrates, with multiple receptors for insulin (IR) and IGF-1 (IGF-1R) [110] (Fig. 4) . The FOXO transcription factors are in a constant state of shuttling between the cytoplasm and the nucleus [119] . When present in the nucleus during the absence of PI3K-Akt signalling, FOXO goes on to regulate numerous genes. However, upon Fig. (4) . Illustration of the functioning of the IIS pathway in various model systems. (A) The IIS pathway in C. elegans is activated through binding of Insulin like ligands to a transmembrane protein DAF-2 [148] . This then activates a cascade of intracellular kinases finally phosphorylating the transcription factor, DAF-16 [79] . (B) In the case of D. melanogaster, the IIS pathway is activated by DILP's (Drosophila Insulin like peptides) that in turn also activates a series of intracellular kinases that culminates in the phosphorylation of the DAF-16 homologue, dFOXO. (C) In mammals a very similar mechanism is in place, with the exception that there are multiple receptors for insulin (IR) and IGF-1 (IGF-1R) [110] . Phosphorylation of the mammalian homologue (FOXO) of DAF-16 nonetheless remains the final outcome of the series of intracellular kinases. (D) In yeast, glucose and other nutrients activate the Ras2/Cyr1/cAMP/PKA pathway via the G-protein coupled receptor Gpr1, which in turn negatively regulates the DAF-16 analogous transcription factors Msn2/Msn4. In all four cases, the phosphorylated, transcription factors are sequestered in the cytoplasm where they are inactive. However, when dephosphorylated by the inactivation of the IIS pathway, these transcription factor enter the nucleus regulating a myriad of genes involved in immunity, stress response, development, longevity, metabolism.
activation of PI3K-Akt signalling, FOXO decouples from the DNA binding sites by phosphorylation. Phosphorylation is driven by the 14-3-3 protein after which FOXO is exported out into the cytoplasm where it is degraded by proteosome dependant degradation [91, [120] [121] [122] [123] [124] .
A lot of data pertaining to the importance of the IIS pathways in various model systems is available. However, the translational potential of this evolutionarily conserved biological pathway with regards to its influence on aging and longevity in humans has only recently started to be addressed. A 2008 study using a large, long-lived population of men with well-characterised aging phenotypes demonstrated that individuals homozygous for the so-called "G" allele of FOXO3a showed both improved ageing and better insulin sensitivity [125] . This association has been recently confirmed in a study involving German centenarians [126] .
DAF-16
DAF 16 encodes a member of the hepatocyte nuclear factor 3 (HNF-3)/ forkhead family of transcriptional regulators which is a downstream target of the IIS signaling pathway in C. elegans [106, 127, 128] . The daf-16 gene codes for seven predicted isoforms, with the largest of them encoding an approximate 560aa polypeptide chain. This transcription factor binds as a monomer to DNA at the consensus binding site (TTG/ATTTAC) [129] , although additional data suggest that binding at non-consensus sites also occurs [130] .
FOXO molecules shuttle between the cytoplasm and nucleus, but under low PKB phosphorylation conditions FOXO becomes predominantly nuclear [131] . The wide range of genes independently regulated by DAF-16 suggests the presence of additional mechanisms by which target specificity is achieved. In 2006, Wolff and colleagues demonstrated just such a role for smk-1 [132] . They showed that DAF-16 in concert with molecules such as SMK-1 regulate the ageing process by providing specificity for the regulation of innate immunity, UV and oxidative stress, whereas SMK-1 is not required for the thermal stress resistance function of DAF 16. Additional specificity is conferred by the 14-3-3 proteins, highly conserved cytoplasmic proteins identified in all eukaryotic organisms, which bind to DAF-16, inducing a conformational change and preventing DAF-16 from entering the nucleus by exposing its nuclear export signal [95, 122] . More recently, cGMP levels have been found to further modify daf-16 phenotypes via transcriptional regulation of the pde genes [133] and it is likely that many further pathways which moderate daf-16 signalling remain to be identified. DAF-16 activity shows considerable tissue specificity, with an increase in lifespan being more marked following increased DAF-16 activity in tissues such as the intestine and the nervous system than in other tissues [134] . This is suggestive of secondary signals that coordinate phenotypes in the various other organs in the organism [135] . Interestingly, daf-16 null mutations only reduce lifespan slightly, but suppress all life span extensions caused by other upstream IIS pathway mutations [136] . Germline ablation also influences DAF-16 activity by instigating an upsurge in accumulation of DAF-16 in the nuclei, especially in the intestinal tissues [92] , which provides a molecular explanation for the previous finding that ablation of the germ line extended the lifespan of C. elegans in a daf-16 dependant manner [137] . This effect is not an indirect result of sterility, as removal of the entire gonad (germ cells and the somatic reproductive tissue) had no effect on lifespan. Interestingly, this relationship between the reproductive tissues and lifespan has also been noted in other organisms where transplantation of younger ovarian tissues into older mice have shown to increase lifespan along with similar phenotypes observed in Drosophila under certain conditions [138, 139] . Apart from influencing lifespan, the germline has recently been shown to control nematode resistance to the Gram-negative bacterial pathogens Pseudomonas aeruginosa and Serratia marcescens [140] . This aspect of pathogen resistance was found to be independent of DAF-16 activity, since daf-16(mu86);glp-1 and daf-16(mu86);mes-1 double mutants (glp-1 and mes-1 are genes required for germline proliferation) survive as long as the glp-1 or mes-1 single mutant in the presence of a pathogen and when grown on standard nematode culture conditions. These findings suggest that the germline acts in parallel, at least in part, to the p38 MAPK pathway to impart an effect on innate immunity. On the other hand, changes in lifespan induced by germline signalling have been shown to require daf-16 [137, 141] .
Evolutionary Significance of daf-16
Defending oneself from invading pathogens is a vital feature that determines the fate of an organism. In vertebrates there are two lines of defence: the innate immune system, which responds immediately to infection, and the acquired immune system, which responds slowly but is highly specific and long lasting. Apart from contributing towards the initiation of the acquired immune system the innate immune system also appears to play the major role in coordinating immunity as a whole [142] .
The innate immune systems of all animals share highly similar features, suggesting that they have a common origin and have been conserved over millions of years of evolution. Interestingly, recent discoveries have suggested that innate immunity is directly influenced by the IIS pathway and that this, too, may be conserved across phyla [143] . Thus selection for a more potent immune response may inadvertently lead to knock-on effects on ageing and other phenotypes due to the intertwining relationship between ageing, immunity and stress resistance pathways.
Studies in C. elegans have shown that ageing and immunity are both defined to a large extent by the IIS pathway. Thus key components of the IIS pathway, such as daf-16, impact on both phenotypes simultaneously via a complex network of downstream genes. In other organisms too, the IIS pathway appears to play a dual role as a major effector of immunity and ageing [7, [83] [84] [85] . Even in yeast, which lack the IIS pathway, the precursor Ras/Cyr1/PKA pathway down-regulates glycogen storage and genes involved in the switch to the hypometabolic stationary phase such that ras2 and cyr1 mutations capable of increasing longevity also enhance stress resistance [143] .
Why, then, given that the homologues of daf-16 assert similar pleiotropic effects in various organisms [85] , do we observe vast differences in terms of immunity and lifespan in nature? One possibility is that natural selection acts to favour enhancement of one DAF-16 regulated phenotype (stress resistance, for instance) and thus co-selects for other DAF-16 regulated phenotypes (such as ageing). Previous work has suggested that lifespan and pathogen/stress resistance are both species specific and gender variable, but that these phenotypes co-vary [144] . Recent comparative studies using closely related nematode species has demonstrated that the coupling of most DAF-16 regulated phenotypes is conserved between species, even though the magnitude of the phenotype (maximal lifespan, for instance) may vary significantly between species [144] [145] [146] . Since our understanding of the natural ecology of the Caenorhabditis nematode species is still limited [147] , understanding the selective pressures that may influence the evolution of IIS is difficult. Nonetheless, it can be speculated that the differences in the niches inhabited by these species may have imposed variable extrinsic stresses, such as exposure to different pathogens or environmental stresses, which over time have selected for a different IIS pathway "optimum" and thus differences in the immunity and lifespan phenotypes downstream of DAF-16. In conclusion we suggest that the IIS pathway may provide a molecular machinery that is modified by natural selection to influence immunity, stress resistance and ageing in a coordinated manner. 
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